The electronic files should include the following: A double-leaf partition in engineering structures has been widely applied for its advantages i.e. in terms of its mechanical strength as well as its lightweight property. In noise control, the double-leaf also serves to be an effective noise barrier. Unfortunately at low frequency, the sound transmission loss reduces significantly due to the coupling between the panels and the air between them. This paper studies the effect of a micro-perforated panel (MPP) inserted inside a double-leaf partition on the sound transmission loss performance of the system. The MPP insertion is proposed to provide a hygienic double-leaf noise insulator replacing the classical abrasive porous materials between the panels. It is found that the transmission loss improves at the troublesome mass-air-mass resonant frequency if the MPP is located closer to the solid panel. The mathematical model is derived for normal incidence of acoustic loading.
Introduction

8
A double-leaf structure is a common structural design for many engineering applications. The 9 vehicle body such as in cars, trains and airplanes, as well as the walls of a building are some examples 10 of double-leaf partition in practice. From the acoustical engineering point of view, the double-leaf 11 is proposed to be a better noise barrier compared to the single-leaf. However, there remains a 12 problem on the double-panel which is the weak sound transmission loss (STL) performance at low 13 frequency due to the 'mass-air-mass' resonance. This causes the double-leaf loses its superiority 14 over the single-leaf [1] . 15 the acoustic modes in the gap by using a sound source and an actuator. The sound source reduces 
33
For noise control application where abrasive and polluting materials cannot be presented, such as 34 in the food industry where hygienic condition is critical to be maintained around the processing 35 machines, conventional synthetic fibrous materials are thus not the solution. Although it is hidden 36 between the panels, a noise barrier panel which is easy to be cleaned, handled and is free from 37 hazardous substances to health is therefore necessary.
38
An alternative fiber-free absorber which has gained more popularity is a micro-perforated panel [11]. In their model, the MPP is located at the outer layer of the system.
51
In this paper, similar multi-layer structure is proposed, but with the MPP inserted between 52 two solid plates. Apart for hygienic purposes, the application can also be found for example a 53 multi-layer window system where a transparent panel is required to improve the noise insulation.
54
The next section describes the derivation of the mathematical model and presents the simulation 55 results of the effect of the MPP insertion, in terms of its location in the gap as well as its hole 56 size and perforation ratio, on the sound transmission loss. The derivation is conducted only for 57 the sound field with normal incidence. Recent finding suggests that the effect of mass-air-mass 58 resonance for an infinite double-panel system subjected to the diffuse field incidence is not correct 59 due to the internal resonance in the cavity in the direction parallel to the panel [12] . Numerical 60 modelling technique is required, but this is beyond the scope of this paper. where k = ω/c for k represents the acoustic wavenumber, ω is the angular velocity and c is the 71 sound speed in the air. Here and for the rest of the equations, time dependence e jωt is implicitly
In the same way as in Eqs. 1 and 2, the total pressure on the other side of the front panel surface 75 is thus
The relation between the average surface particle velocityv and the sound pressure exciting 77 the panel can be obtained by using Euler equationv = −1/jρω(dp/dx) [13] . For both surfaces of 78 each panel, at x = 0 for the front panel this gives
while at
and at x = D for the back panel
where v p is the velocity of the panel,v is the mean particle velocity over the MPP surface and 85 z f = ρc is the acoustic impedance of air with ρ is the air density. Note that for the solid plate, the 86 mean particle velocity on its surface equals to the velocity of the panelv = v p . This is valid for 87 light fluid such as air and not for heavy meadium such as water.
88
For convenience, the distance between the panel is assumed much smaller compared to the 89 acoustic wavelength (kD ≪ 1). The cavity pressures can therefore be assumed uniform between
Using the same way to the surface pressure on the back solid panel (x = D) gives
As the cavity pressure is uniform, Eqs. (5) and (13) can be combined to give
while for Eqs. (14) and (15) , it yields
2.2. Hole impedance and mean particle velocity
98
As the acoustic pressure impinges on the MPP, the air particles penetrate the holes and also 99 excite the remaining solid surface of the panel. The combination between the panel velocity and 100 particle velocity inside the holes creates the mean particle velocity given by [14]
where σ is the perforation ratio and v h is the particle velocity inside the holes. The motion of fluid 102 inside the hole depends on the impedance of the hole which according to Maa [8] is given by
where 
Equation (22) can also be re-arranged as
By substituting this into Eq. (18), the mean particle surface velocity can also be expressed as the 112 function of the net pressure given by
where
Sound transmission loss
115
The equation of motion for the solid back panel is given by
where both sides with v p 3 yields the panel velocity ratio
The equation of motion for the MPP is expressed as
where z p 2 = jωm + r − js/ω. Substituting Eqs. (16), (17) and (24) 
and using the relation between incident and reflected pressure in Eqs. (3) and (5) gives
By dividing both side with p t = z f v p 3 , the ratio of the incident and reflected pressure is given by
As for plane wave, the sound power W is proportional to the sound intensity I which is simply a 128 ratio of squared magnitude sound pressure to the air impedance, I = p 2 /z f . The transmission 129 coefficient is therefore written as
and the transmission loss in dB unit is
3. Analytical results first resonance remain occurs corresponding to the gap of the solid plates.
147
As the aim is to improve the STL of the conventional double-leaf at the resonance, Figure 3   148 shows the results for the DL and DL-MPP for different distance l of the MPP to the solid plate.
149
As in Figure 2 the resonance can be seen at 170 Hz for the DL and also for the DL-MPP with
150
MPP at the middle of the gap. The presence of the MPP gives no effect to overcome the resonance 151 in this case.
152
For other locations of the MPP in Figure 3 , as the MPP shifts closer to the solid panel,
153
regardless the front or back solid panel, the STL can be observed to increase at the resonance.
154
The additional damping due to the viscous force in the MPP holes influences the air layer in front 
166
In Figure 5 , the effect of the perforation ratio is investigated. It can be seen that increasing the 167 perforation ratio does not give significant differences to the STL around the resonance. Therefore,
168
to benefit with STL improvement at high frequency due to added mass in the system, the lowest 169 perforation ratio for the MPP, i.e. τ = 0.5% is preferred.
Increasing the air gap of the solid plate as in Figure 6 can be seen to shift the effect of the 171 resonance to lower frequency. The improvement at the resonance due the MPP is the same. 
STL improvement
For clarity of analysis, it is of interest to quantify the level of improvement of the STL which 174 is the dB difference after and before inserting the MPP to the double-leaf. This is also the same 175 as the ratio of the transmitted sound power (represented by the power transmission coefficient) 176 before (τ b ) to after (τ a ) the MPP insertion in dB unit which is given by
where STL a is the transmission loss of the DL-MPP and STL b is for the DL. 
Experiment
198
The experiment to measure the transmission loss of the proposed system was conducted using loadings for the termination conditions for the transmission coefficient formula to be assembled.
219
In this experiment, the loads were made from glass wool and have two different shapes: conical 220 and circular. The former shape is to provide an anechoic termination in the tube.
221 Figure 9 shows the experimental results of the transmission loss for several hole diameters and 222 perforation ratios. The measurement data is found to only valid from 400 Hz. This is due to the 223 conical termination which is difficult to be anechoic at low frequencies. The reflected waves thus 
